Introduction
Hepatocellular carcinoma (HCC) is the sixth most common malignancy worldwide, and it is also a common cause of death in patients with chronic liver disease. 1 The curative treatment options for HCC that are currently available are surgical resection, liver transplantation, and radiofrequency ablation (RFA). 2 Among these options, RFA has been accepted as an effective nonsurgical curative treatment modality for early-stage HCC tumors (solitary tumors ,5 cm in diameter or fewer than three nodules ,3 cm in diameter. 2, 3 RFA achieves a satisfactory local response rate, with more than 80% complete ablation in most studies. 4 Several recent randomized controlled trials and repeated meta-analyses have shown that the rates of overall survival (OS) and recurrence-free survival after RFA are comparable with those after surgical therapy.
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lee et al RFA has been reported at 72%-80%. 6, 7 There are two types of intrahepatic recurrence of HCC after RFA: local tumor progression and de novo recurrence. Local tumor progression, known as local recurrence, results from direct dissemination of the original tumor along the peripheral margin of the ablated lesion, while de novo recurrence accounts for multicenter occurrence of a HCC tumor in a location remote from the ablated lesion. 8 Local factors, which include tumor location, tumor numbers, direct invasion into vessels, and insufficient safety margins have been identified as significant predictors of local recurrence, 6, 7, 9 whereas the necroinflammatory activity of hepatitis and the degree of liver fibrosis or cirrhosis have been shown to be significantly associated with de novo recurrence. 10 The clinical role of transient elastography (TE) to measure liver stiffness (LS) has been widely investigated in assessment of the degree of liver fibrosis or identification of the presence of portal hypertension. 11 In addition, several recent longitudinal studies proposed that TE can accurately predict HCC development in patients with chronic hepatitis B and C, 12, 13 and HCC recurrence after curative resection, 14 based on the significant correlation between the risk of HCC development and the degree of liver fibrosis. 11 Therefore, in this study we investigated whether the degree of liver fibrosis assessed by performing TE could predict de novo recurrence in patients with HCC who received RFA with complete ablation.
Material and methods Patients
Between May 2005 and April 2011, a total of 2,168 patients received RFA for HCC treatment. Of these, 139 patients with available LS values at least within 3 months (median 7 [range, 0-78] days) prior to RFA were selected for the multicenter retrospective study. A further 28 patients were excluded based on our exclusion criteria ( Figure 1 ). Especially because TE measures LS values at right hepatic lobe, patients with a history of right hepatectomy before enrollment were excluded. Finally, 111 patients (55 from Yonsei University and 56 from Catholic University) were included in the final statistical analysis. The study protocol conformed to the ethical guidelines of the 1975 Helsinki Declaration and was approved by the institutional review board of each institute.
Since this study was focused on whether TE could predict HCC de novo recurrence after RFA, 15 15 patients who experienced local recurrence were excluded from the final analysis.
Diagnosis of hcc and liver cirrhosis
The diagnosis of HCC was based on dynamic imaging studies, biopsies, and alpha-fetoprotein (AFP) serology, according to the American Association for the Study of Liver Diseases guidelines. 2 Before RFA, the size and number of HCC tumors were confirmed by performing imaging studies, including computed tomography (CT) or magnetic resonance imaging (MRI). The staging of HCC before RFA and recurrent HCC was assessed by using the Barcelona Clinic Liver Cancer (BCLC) staging system. 16 If histologic information was not available, liver cirrhosis was clinically diagnosed as follows: (1) platelet count ,100,000/μL and ultrasonographic findings suggestive of cirrhosis, including a blunted, nodular liver edge, accompanied by splenomegaly (.12 cm); (2) esophageal 
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ls measurement can predict de novo recurrence after rFa or gastric varices; or (3) overt complications of liver cirrhosis, including ascites, variceal bleeding, and hepatic encephalopathy. 17 
Data collection
Demographic, clinical, and laboratory data of the study population were collected from electronic medical records and were reviewed retrospectively. At admission, 1 day before RFA, blood parameters, including platelet count, total bilirubin, serum albumin, creatinine, prothrombin time, aspartate aminotransferase (AST), alanine aminotransferase (ALT), AFP, and des-gamma carboxyl prothrombin (DCP) were recorded. Because aspartate-to-platelet ratio index (APRI) can be easily obtained at no additional cost, it was calculated on the day before RFA, and its ability to predict recurrence was compared with the predictive utility of TE. 18 
liver stiffness measurement
Only one experienced technician at each institute, who had performed at least 1,000 prior examinations and who was blind to the patients' clinical data, was allowed to perform TE. The results were reported in kilopascals. The interquartile range (IQR) was defined as an index of intrinsic variability of LS values, corresponding to the interval of LS results containing 50% of the valid measurements between the 25th and 75th percentiles. 19 The median value of successful measurements was selected to represent the LS value in a given patient. In this study, only LS examinations with at least ten validated measurements, an IQR-to-median ratio less than 0.3, and a success rate of at least 60% were considered reliable. 14 radiofrequency ablation RFA was performed either by an interventionist, percutaneously (n=107 [96.4%]), or by a surgeon, in an intraoperative setting (n=4 [3.6%]). Dynamic CT was routinely performed immediately after RFA, and a subsequent session of RFA was performed when the postprocedural CT revealed that the target lesion was not completely ablated. Procedure-related complications were also checked. Most patients (n=109 [97.3%]) achieved complete ablation after one RFA session, whereas the others (n=2 [2.7%]) received two RFA sessions for complete ablation.
Follow up and recurrence
After discharge, patients underwent follow-up exams 1 month after RFA and every 3 months thereafter. Follow-up investigations included measurement of tumor markers (AFP and DCP) and imaging studies, including liver dynamic CT or MRI, for the detection of recurrence. The last follow-up date was March 31, 2013 , and the median follow-up duration was 22.4 (range, 1.1-77.3) months.
The de novo recurrence was defined as intrahepatic recurrence beyond the ablative margin, which was suggested to be the 0.5-1.0 cm -wide region that should ideally be ablated during RFA. 8 The primary end point was recurrence-free survival, which was defined as the period between the date of RFA and the time of the first de novo recurrence detected by performing follow-up imaging studies, and the secondary end point was overall mortality.
statistical analysis
Data were expressed as the mean ± standard deviation (SD), median (range), or n (%), as appropriate. Variables were compared by using the chi-square test (or Fisher's exact test) for categorical data and Student's t-test (or the Mann-Whitney U-test) for continuous variables. The cumulative incidence rates of recurrence were calculated by using the Kaplan-Meier method. To identify independent risk factors for recurrence, multivariate Cox proportional hazard regression analysis was performed, using the variables that were significant in the univariate analysis. To prevent statistical error due to significant correlation between liver cirrhosis and LS values, multivariate analysis used LS values for grading liver fibrosis. Hazard ratios (HR) and corresponding 95% confidence intervals (CI) also were indicated. A two-tailed P-value ,0.05 was considered to be statistically significant. The statistical analysis was performed with SPSS, version 18.0 (PASW Statistics Inc., Chicago, IL, USA).
Results
Baseline characteristics
The baseline characteristics of the 111 enrolled patients are summarized in Table 1 . The patient population consisted of 76 men and 35 women, with a mean age of 62.4 years. Hepatitis B virus (HBV) (n=71 [64.0%]) was the most common etiology of underlying liver disease. A total 75 (67.6%) patients had liver cirrhosis, 13 and most of these (65 [86.7%]) patients had preserved liver function, of Child-Pugh class A. Among patients with HBV, 53 (74.6%) patients received antiviral therapy using nucleos(t)ide analogs according to a Korean guideline. 20 Among patients with Hepatitis C virus (HCV), three (15.8%) patients received antiviral treatment using pegylated interferon plus ribavirin before RFA. Of these, one patient experienced sustained virological response. Additionally, HCV eradication was achieved in two (10.5%) patients after RFA. 
complication of rFa and clinical outcomes
Significant postprocedure complications occurred, including hepatic infarction (n=2), hepatic abscess (n=1), and biloma (n=1) ( Table 2) . 21 All patients were managed appropriately, and none of the patients died of complications related to RFA.
Clinical outcomes of RFA are summarized in Table 2 comparison between patients with and without recurrence When the characteristics of patients with and without recurrence were compared (Table 3) , patients with recurrence had Notes: Variables are expressed as mean ± sD, median (range), n, or n (%). Abbreviations: aPri, aspartate-to-platelet ratio index; hBV hepatitis B virus; hcc, hepatocellular carcinoma; hcV, hepatitis c virus; inr, international normalized ratio; nBnc, non-B and non-c; rFa, radiofrequency ablation; sD, standard deviation; Tace, transcatheter arterial chemoembolization.
antiviral treatment due to advanced cirrhosis with pancytopenia, old age, or significant thyroid dysfunction. A total of 55 patients (49.5%) had been treated previously by other noncurative modalities, including transcatheter arterial chemoembolization (TACE) (n=47), followed by RFA (n=7). The mean LS value according to the etiology of HCC was significantly different in our study: 18.6 kPa in HBV-related For a simplified and intuitive analysis, we adopted 13.0 kPa as the optimal LS cutoff value to stratify our study population into high-and low-risk group for de novo recurrence. 22 This cutoff value was similar to the calculated cutoff value from our cohort to predict de novo recurrence (13.4 kPa; sensitivity, 87.2%; specificity, 54.7%).
Factors associated with recurrence
Univariate analysis found that a history of previous anti-HCC treatments, total bilirubin, platelet count, spleen size, and LS values $13.0 kPa were significantly associated with recurrence (Table 4) . A significant correlation was identified between clinically diagnosed cirrhosis and LS values (P,0.001 by Spearman correlation). Thus, clinically diagnosed cirrhosis was not incorporated into multivariate analysis, to avoid the statistical redundancy with LS values, in spite of its statistical significance in univariate analysis (P=0.026). Subsequent multivariate analysis identified that together with a history of previous anti-HCC treatment, patients with LS values .13.0 kPa were at significantly greater risk for recurrence after RFA, with a HR of 3.115 (P,0.05; 95% CI, 1.238-7.842) compared with those with LS values #13.0 kPa ( Table 4 ). The cumulative incidence rate of recurrence was significantly higher in patients with LS values $13.0 kPa compared with those with LS values ,13.0 kPa (logrank test, P,0.001) (Figure 2) . The cumulative incidence rates of recurrence at 1, 2, and 3 years were 33.4%, 64.9%, and 13 .0 kPa, so a cutoff value that could identify low-risk patients was also calculated and found to be 9.6 kPa. The cumulative incidence rates of recurrence at 1, 2, and 3 years were 0%, 8.3%, and 8.3%, respectively, in patients with LS values ,9.6 kPa. In addition, among patients with HBV-related HCC (n=71), recurrence was not significantly correlated with HBV DNA level (P=0.278) or anti-viral treatment (P=0.867). Similarly, recurrence was not correlated with HCV RNA level (P=0.552), antiviral treatment for HCV (P=0.129), or the achievement of sustained virological response (P=0.483) among patients with HCV-related HCC (n=19).
Factors associated with Os
On univariate analysis, total bilirubin, spleen size, and LS value .13.0 kPa significantly predicted OS after RFA 
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ls measurement can predict de novo recurrence after rFa (all P,0.05) ( Table 4) . Of these, LS values independently predicted OS after RFA, with a HR of 9.834 (P,0.05; 95% CI, 1.148-84.211), together with total bilirubin level ( Table 4) . The cumulative incidence rate of mortality was significantly higher in patients with LS values $13.0 kPa than in those with LS values ,13.0 kPa (logrank test, P=0.002) (Figure 3) . The cumulative incidence rates of mortality at 1, 2, and 3 years were 4.2%, 18.1%, and 33.3%, respectively, in patients with LS values $13.0 kPa, whereas no patients with LS values ,13.0 kPa died during this period.
Discussion
In this multicenter study, we found that LS values measured by using TE were a significant predictor of HCC de novo recurrence and OS after RFA. To prevent potential confounding influences, we excluded patients who experienced only local tumor progression after RFA, which is associated with residual tumor cells and microscopic spread beyond the ablation margin. 8 Although this study design allowed us to reveal the association between the risk of HCC de novo recurrence and the degree of liver fibrosis assessed by using TE, our results should be interpreted with caution because we cannot know at the time of RFA which patients will experience local recurrence. However, when we included the patients who experienced only local tumor recurrence after RFA during the same study period (n=19) and redefined our primary end point as overall recurrence, this time including both local and de novo recurrence, the independent prognostic value of TE was maintained, though there was attenuated statistical power (HR, 3.443-2.112 for overall recurrence; HR, 9.834-4.232 for overall mortality). Thus, further studies in a prospective setting that include all consecutive patients undergoing RFA are warranted to validate our results.
In our study, almost half of the patients (n=55 [49.5%]) had a previous history of local treatment, such as TACE or RFA, and previous anti-HCC treatment history was identified as an independent predictor of de novo recurrence, together with LS values. The exact mechanism is not clear, but this can be explained, in part, by altered tumor biology due to previous repeated local treatment, which can influence recurrence. 23 There are other well-known risk factors for de novo recurrence after RFA that represent tumor burden or underlying liver function. These factors include AFP level, 15, 24, 25 tumor size, 24 multiplicity, 25, 26 presence of hepatitis, 24 platelet counts, 26 and serum albumin. 26 However, these did not independently influence the risk of de novo recurrence in our study. This result might indicate that TE measures the degree of liver fibrosis, which is more closely related to the underlying liver function, leading to more sensitive predictions than the conventional parameters, such as platelet count, serum albumin level, or spleen size. Furthermore, although it has been recently proposed that some noninvasive fibrosis prediction indexes can predict recurrence after RFA, 15 TE performed better than the well-known noninvasive fibrosis prediction index of APRI in our study. To prevent the confounding influence of underlying liver function, we proceeded with subgroup analysis for selected patients with Child-Pugh class A and found that LS values (P=0.029) and history of previous antitumor treatment (P=0.018) were also independently associated with the risk of de novo recurrence in multivariate analysis. However, because the sample size of our study was relatively small and the tumor burden of our study participants was relatively low (median AFP, 12.7 ng/mL; 81.1% had a single tumor; and median maximal tumor size was 2.0 cm), the attenuated prognostic significance of variables related to tumor burden should be reanalyzed in a future prospective study with a large sample size and wide range of tumor burdens.
We adopted a LS cutoff value of 13.0 kPa to determine cirrhotic range of LS values and high-risk group for recurrence. 22 In addition, previous study concluded that chronic hepatitis B patients with LS values .13 kPa had a significantly higher risk of HCC development. Also, HCC patients with preoperative LS values .13.4 kPa experienced 14 Taken together, this indicates that 13 kPa might be a key cutoff, in various clinical settings, to stratify the different spectra of prognosis in patients with chronic liver disease, especially in terms of assessing the risk of HCC development. However, among the patients with LS values ,13 kPa, a significant proportion of patients were still at a relatively high risk of HCC recurrence after RFA. Indeed, approximately 25% of patients experienced recurrence at 3 years after RFA despite having LS values ,13.0 kPa. Thus, we calculated a second cutoff value with a high negative predictive value (94.4%) and found that 9.6 kPa (positive predictive value, 49.4%; sensitivity, 97.9%; specificity, 26.6%) was a cutoff value that could identify a subpopulation with a low risk of HCC recurrence. The cumulative incidence rate at 3 years was only 8.3% in patients with LS values ,9.6 kPa. The finding that LS values below the cirrhotic range (13 kPa) can also be associated with the risk of HCC development is supported by a previous study 13 that reported that patients with LS values below the cirrhotic range (8-13 kPa) had a 3.07-fold increased risk of HCC development compared with those with LS values ,8 kPa. However, the use of 9.6 kPa as a cutoff value in clinical practice still needs validation.
Because of the strong correlation between clinically diagnosed liver cirrhosis and LS values in our study (P,0.001 by Spearmen correlation), we included LS values in multivariate analysis instead of liver cirrhosis to prevent the statistical redundancy. Although the clinical diagnosis of liver cirrhosis has been conventionally made based on ultrasonography and laboratory tests, a recent study proved that LS value can be more accurate in detecting compensated liver cirrhosis than can clinical criteria in terms of assessing the risk of HCC development. 13 Furthermore, in contrast to TE, which has shown high reproducibility, the subjectivity of ultrasonography can be another problem in diagnosing liver cirrhosis clinically. 27 Lastly, the risk of HCC recurrence was significantly higher in patients with .13 kPa and liver cirrhosis (n=59 [53.2%]) than that in patients with #13 kPa and liver cirrhosis (n=16 [14.4%]) in our study (P,0.001 by logrank test). All these indicate that TE has an additional role, as one of predictor for HCC recurrence, even among patients with liver cirrhosis.
Repeated studies revealed that antiviral treatment can reduce the recurrence of HBV-or HCV-related HCC after RFA. 28, 29 However, we could not found any significant correlation between antiviral therapy and recurrence among HBV-and HCV-related HCC patients. Because the small sample size of patients with each HCC etiology can be related to the false negative results, further large study are required to clarify this issue.
LS values, together with total bilirubin, 15 were also independent predictive factors for OS after RFA, which means that the physical hardness of liver as assessed by using TE and functional liver reserve can independently and simultaneously influence the mortality after RFA. However, in contrast to previous studies, 15, 30 variables related to tumor burden were not identified as independent predictors of OS in our study. This phenomenon can be explained in several ways, such as the low proportion of subjects who died from HCC progression (6 of 14 [43%]) and the relatively low tumor burden in our cohort.
There are still several unresolved issues in our study. First, the criteria used to classify local recurrence and de novo recurrence are somewhat ambiguous. 15 Among the de novo recurrence, it is practically impossible to distinguish intrahepatic metastasis from original tumor or a newly developed tumor in the diseased liver. 8 Also, because we excluded the patients who experienced only local tumor progression, our results were subject to a selection bias, and the influence of some risk factors might have been underestimated. Third, in previous studies, HBV-related HCC developed in noncirrhotic livers, whereas HCV-related HCC occurs mostly in the presence of cirrhosis. 31 Indeed, HBV-related HCC patients had significantly lower mean LS values than did HCV-related HCC patients (18.6 vs 29.5 kPa). However, the etiology of HCC only tended to influence the risk of recurrence (P=0.093) ( Table 4) . Although the exact reason for this result is not clear, the small sample size of patients with each etiology might have been insufficient to make a statistical difference. Finally, our short follow-up duration after RFA (median 22.4 months) does not seem sufficient to assess the influence of LS values on OS. Thus, largescale prospective studies with consecutive enrollment and long-term follow-up duration could resolve the pitfalls of our study.
In conclusion, patients with a previous treatment history and higher LS values, .13.0 kPa, were at a significantly greater risk for de novo recurrence after RFA. In addition, patients with LS values .13.0 kPa, together with higher total bilirubin, experienced significantly decreased OS after RFA. Although our study indicates that LS measurement by using TE is useful for predicting de novo recurrence of HCC in the remnant liver as well as survival after RFA, external validation of our results in future large-scale prospective studies can expand the clinical implications of TE in a longitudinal perspective. 
